Introduction
The natural mono-isotopically occurring 55 Mn is an essential trace element in the mammalian body and is currently increasingly used in animal research studies with Manganese Enhanced Magnetic Resonance Imaging (MEMRI). The divalent manganese ion can enter neuronal cells via voltage gated calcium channels and is in addition a strong in excited nerve cells it can be used for the visualization of neuronal activity in the heart and especially in the brain. In the case of brain imaging, it enables tracing the neuronal pathways and even displaying the complete cytoarchitecture after systemic dose application by MEMRI in animals [1] [2] [3] [4] . However, high doses of free manganese cations have neurotoxic effects in the brain and may lead to symptoms similar to Parkinson's disease [5] . Therefore, MEMRI operates normally at the lowest mass of contrast agent possible [3, 4, [6] [7] [8] , but has still not been approved for application in humans. Its use for bi-modal PET/MRimaging might be a valuable evaluation tool, bringing this method closer to human application.
The introduction of nuclear imaging methods can deliver reliable in vivo distribution data for the evaluation of new contrast agents at extremely low concentrations. In order to realise a quantitation of such bi-modal agents, several PET radioisotopes ( 18 
F,
68 Ga, etc.) are considered for labelling purposes. Unfortunately, all of those lead to a change of the original molecular composition of the labelled imaging agent. The outcome may thus be an altered in vivo behaviour due to a deviating chemical composition, structure and/or coordination, hydratisation sphere or lipophilicity which would neglect the effort of providing a chemical analogue with an identical distribution in the body. An isotopic labelling with a suitable PET isotope of manganese seems the most promising approach to eliminate these problems and was recently reported [9, 10] . Additionally, radiomanganese can also directly be used for PET studies in its cationic form or in complexed form as new model radiotracers similar to the various 68 Ga-complex tracers available. The beneficial decay properties of short-and longer-lived radioisotopes of manganese available for PET imaging in combination with stable complexes in its bi-and tetra-valent ionic form open a wide range of possibilities for labelling of new tracers with special features.
The decay properties of the most suitable + -emitting radioisotopes 51 Mn, 52m Mn and 52g Mn are summarized in Table 1 (taken from Ref. [11] ). is obtained directly via a suitable nuclear reaction [16] [17] [18] [19] .
Its half-life of 21.1 min is, however, rather short.
For synthesis, development and initial imaging studies, the longer-lived radioisotope 52g Mn offers itself as the more promising candidate. For its production detailed cross section measurements have been performed [12, 13, 16, [20] [21] [22] [23] [24] in a radionuclidically pure form, provided a waiting time of 4 h is allowed to let the short-lived isotopes decay out.
Reported no-carrier-added separation methods for radiomanganese from the target material chromium [13, 23, [26] [27] [28] still need improvement concerning efficacy and handling. Therefore, the focus of this work was on an optimized radiochemical separation to obtain the PET suitable isotope 52g Mn more easily in its bi-valent oxidation state for the labelling of molecular probes like 1 contrast enhancing agents in MRI. Some work on this topic has already been done in our group [9, 29] , and a more comprehensive study on the radiolabelling
2− will be published separately [10] .
For this purpose a thorough study of distribution coefficients considering different media and exchange resins was done, and the translation of the most promising combination into a column chromatographic method was achieved.
Materials and methods

Radionuclide production and target processing
The radionuclide 52g Mn was produced by irradiation of nat Cr (Goodfellow Ltd., 99.9% purity) with protons. For this, cast chromium plates with a mean area weight of 0.36 ± 0.1 g cm −2 were irradiated with protons in the energy range from 16.9 to 8.2 MeV at the Baby Cyclotron BC1710 of INM-5 (Forschungszentrum Jülich) [30] . The simultaneously produced 51 Cr (half-life: 27.7 d) was used to trace the "bulk" target material Cr in both distribution coefficient measurements and subsequent chromatographic separations.
In all experiments the irradiated Cr plates were dissolved overnight in 5 mL conc. HCl (Sigma-Aldrich, ACS reagent) at 70 ∘ C and the solution subsequently evaporated to dryness. The residue was dissolved in 5 mL HPLCgrade H 2 O and used as a stock solution for the measurement of distribution coefficients. In case of the chromatographic separation the residue was directly dissolved in the corresponding elution solvent.
Measurement of radioactivity
The -ray measurements were conducted with four different ORTEC -ray spectrometers (AMETEK GmbH, Berwyn, USA). The distance of different samples to the detector during counting was adjusted between 10 and 50 cm aiming for low dead times. Each detector was calibrated for efficiency and energy with different standard radiation point sources supplied by Amersham (UK) and PTB (Germany).
Determination of distribution coefficients
In order to develop an optimized radiochemical separation of 52g Mn from nat Cr a series of measurements on distribution coefficients for an anion (Amberlite CG-400-II TM ) and a cation exchange resin (DOWEX 50WX8 TM ) with various eluents was performed. Methanol, ethanol, iso-propanol and butanol were investigated as eluents. For this purpose, 50-100 mg of the resin, after drying in an oven overnight, were transferred into a 2 mL Eppendorf reaction vial. The resin was conditioned with 1. 
Anion exchange separation of 52g Mn from nat Cr
The final separation of radiomanganese from bulk chromium was performed using an anion exchange resin (Amberlite CG-400-II, Fluka, Hannover, Germany) which was soaked overnight in acetic acid and methanol (50 : 50). The resin was packed in a chromatography column (10 mm diameter, 50 mm length) with a water heating/cooling mantle and rinsed with tenfold column volume of the eluent (acetic acid/methanol 50 : 50) for conditioning and for removing impurities. After column preparation, the irradiated chromium target weighing 478 ± 5 mg was dissolved in 3 M HCl (5 mL). The acid was evaporated at 130 ∘ C, the residue taken up in the eluent (5 mL) and carefully transferred to the top of the resin. After initial elution of the main, dark green chromium fraction at room temperature the column was heated to 50 ∘ C, following a recommendation given in the literature [13] , but adapting it to the given experimental set-up. Remaining chromium was eluted with additional 60 mL acetic acid/methanol 50 : 50, and the radiomanganese was quantitatively eluted afterwards with 3 M hydrochloric acid (3 mL). In the development experiments each of the collected fractions containing radiomanganese was reduced to dryness at 110 ∘ C to assure suitable counting geometry in all following -ray spectroscopic measurements. The residues were analyzed by -ray spectroscopy to monitor the elution profile of the separation method. Each fraction was measured twice with a HPGe-detector. One short measurement of about 30 min was done directly after the separation to assess the 52g Mn content using its high intensity -rays at 744.23 (90.0%), 935.54 (95%) and 1434.07 keV (100%). The chromium content was traced with 51 Cr (half-life: 27.7 d, -ray: 320 keV (9.81%)) which was simultaneously produced in the irradiations. After the decay of 52g Mn, i.e. several weeks later, a long measurement was performed to precisely determine the longer lived radionuclides in the main fractions.
Experimental uncertainties
All experimental results were obtained by relative measurements of radioactivity. Thus mainly the uncertainties of the different counting efficiencies at different sampledetector distances and to a smaller degree those of the counting statistics were relevant. The overall uncertainty based on these factors amounts to 5 to 8%. Volumetric uncertainties faced during sample preparation are below 1%
and could be neglected.
Results and discussion
Radionuclide production
A comprehensive report on the proton induced production of radiomanganese and the resulting radionuclide yields has recently been published by Buchholz et al. [23] 
Distribution coefficients
The D values of the cation exchange resins in combination with ethanol as eluent, containing the complexing agent DEHP, indicated no sufficient separation factor and are therefore not further discussed here. However, promising results were obtained, using simple alcohols like methanol and ethanol together with the anion exchange resin Amberlite CG-400-II. The respective Dvalues and separation factors of different alcohols are depicted in Figures 1 and 2 . While the use of an alcohol like methanol already results in a high separation factor of 1537 ± 244, there is still low chromium absorption evident on the resin. Therefore, another study on suitable D -values was performed, in- vestigating acetic acid as additive to further suppress the chromium retention on the anion exchange resin. The addition of acetic acid to methanol showed the greatest effect on the ion exchange behaviour of Cr and Mn (see Figure 3) . The Mn absorption rises steadily until the acetic acid concentration of 12.24 M is reached.
However, at the same concentration a simultaneous absorption of chromium can be observed. Therefore, 8.74 M turned out as optimal acetic acid concentration for a high radiomanganese absorption and low Cr retention, leading to a maximal separation factor of 5632 ± 872. This corresponds to a 50 : 50 volume mixture of acetic acid and methanol. The optimal parameters determined were then used in a column chromatographic separation.
Anion exchange separation of 52g Mn from nat Cr
Based on the analyses of the eluted fractions the elution profile of the separation system could be compiled. Due to the significantly lower For further characterization, in the subsequent experiments the radiomanganese containing fractions were combined and the solvent evaporated. The residue of the combined n.c.a. Klein et al. [13] co-precipitation, Cr(VI), 0.03 10 solid-phaseFe(III), − extraction Mn(IV) 99 Lahiri et al. [26] liquid-liquidCr(III) < 0.01 10 extraction Mn(II) 60 Lewis et al. [27] anion-exchange Cr(III) of de-ionized water and then analyzed with ICP-MS to measure the exact amount of chromium. The analysis revealed an impurity of 0.07 mg (0.014%) in the n.c.a. 52 Mn solution. The +2 oxidation state of Mn was additionally confirmed by radio-ion-chromatography (Metrohm 882 Compact IC plus, Metrohm, Switzerland). Thereby, the resulting solution was ready for first labelling experiments without further purification.
Comparison with existing separation methods
It is worth mentioning that several other separation methods have been published so far [13, 23, [26] [27] [28] and are summarized in Table 2 for comparison. The co-precipitation of Mn(IV) with the non-isotopic carrier Fe(III), followed by solid phase extraction and anion-exchange chromatography, as proposed by Klein et al. [13] , provided a 99%
52g Mn recovery with a Cr impurity as low as 0.03%. However, this method was only optimized for small, inactive Cr amounts of 5 mg and used strong oxidizing agents, requiring the reduction of Mn(IV) back to Mn(II). Another published procedure is based on liquid-liquid extraction of Mn(II) with trioctyl amine [26, 27] . By this technique very pure n.c.a. A further approach based on an anion exchange separation was initially proposed by Topping et al. [28] . However, they ran only an inactive "mocking" separation to determine the Cr impurity in the final solution. No further data on the amount of the eluent containing 52g Mn or on actual Cr impurities were given. Then a follow up study by Lewis et al. [27] Therefore all reported separation methods either showed high Cr impurities, large 52g Mn elution volumes, or required several experimental steps or repetitions. The new method described here provides a more straightforward approach without complicated processing steps, and hence a higher reproducibility. However, the disadvantage of the new method is clearly the long time needed for the dissolution of the target and for the ion exchange. For the shorter-lived promising PET radioisotopes 51 Mn and 52m Mn this separation could only be efficiently used by shortening of these two steps. While the dissolution of the target might be optimized by physical means such as pulverizing the solid metal target before dissolution, an introduction of a pressurized chromatography method leading to accelerated solvent flow could considerably reduce the time necessary for the separation by ion-exchange.
Presently, for animal testing or even clinical trials a combination of two procedures appears to be the most suitable approach: removal of macroscopic Cr amounts as developed here followed by a fine separation with the optimized trioctyl amine extraction process discussed above.
Further on, by focusing just on the macroscopic removal of chromium, the flow rate in the ion exchange separation can be increased as well as the amount of washing solution can be reduced, both provisions leading to a shorter separation time. If the macroscopic amount of chromium is removed, then more sophisticated liquidliquid separations with small volumes can efficiently be applied to produce n.c.a. radiomanganese in a much shorter time.
Conclusion
In search for a new and more facile method for the radiochemical separation of This amount of chromium is sufficiently low enough for preliminary labeling experiments and PET studies with animals or even for clinical trials, further optimization to achieve even lower chromium impurities is necessary. For this a combination of the newly developed procedure with an extraction method as discussed above could offer a solution. In this work radionuclide production runs, yielding about 13 MBq of radiomanganese within 1 h and at about 1 μA beam current, were conducted. Upscaling of those experiments can easily be achieved without any major changes to the experimental set-up. However, the transfer of the conditions presented here to an automated system is needed, if amounts of radioactivity above 100 MBq 52 Mn are to be produced and handled. Furthermore, an optimization of the duration of separation is also essential, if the procedure should be utilized for the production of the isotope 51 Mn which is most promising for application with clinical PET.
